ABSTRACT This paper studies the application of cooperative techniques for pattern division multiple access (PDMA) in downlink (DL) network. More particularly, the performance of joint decode-andforward (DF) relaying and PDMA (DF-PDMA) is investigated over Rayleigh channel, where the direct links are existent between the base station and users. To characterize the performance of the considered scenarios above, the closed-form expressions for outage probability and sum data rate are derived. Based on the derived results, the diversity orders achieved by users are obtained. The analysis results manifest that those users with DF relaying can achieve higher diversity order, in addition, the users selecting the PDMA pattern with higher column weight can further obtain higher diversity order. Simulation results unveil that DF-PDMA outperforms PDMA and orthogonal multiple access with DF relaying (DF-OMA) in terms of outage probability and system throughput. It is also worth noting that DF-PDMA can provide better fairness compared to DF-OMA.
I. INTRODUCTION
In order to take challenges the fifth generation (5G) wireless network brings, such as low latency, high reliability, massive connectivity, high throughput and so on, non-orthogonal multiple access (NOMA), has been put forward and become an important principle for the design of radio access techniques, because the key idea for NOMA is to serve multiple users in the same resource element. Up to the 3rd Generation Partnership Project Radio Access Network (3GPP RAN) #86 meeting, more than 15 schemes on multiple access have been presented, such as sparse code multiple access (SCMA) [1] , low density spreading with signature vector extension (LDS-SVE) [2] , interleave division multiple access (IDMA) [3] , multi-user shared access (MUSA) [4] , pattern division multiple access (PDMA) [5] , power-domain NOMA [6] and so on. Thereinto, PDMA has been recognized as a promising multiple access techniques for 5G networks due to its superior spectral efficiency [7] . As one type of competitive NOMA scheme, PDMA is proposed based on former research about successive interference cancellation amenable multiple access (SAMA) [8] , [9] , which can further improve the system performance by making the joint optimization of transmitting (use the successive interference cancellation (SIC) amenable pattern design) and receiving (use SIC based detection). Some initial research contributions in the field of PDMA have been made by researchers [10] - [13] . More specifically, in [10] , basic conception, framework, key technologies, system design and performance evaluation were presented for PDMA. Advanced receivers were studied for PDMA in [11] , where iterative detection and decoding (IDD) algorithm is introduced to fully exploit coding potentials and diversity gain of the PDMA. Ren et al. [12] exhibited the PDMA pattern design methods and rules for the massive Machine Type Communication (mMTC) and enhanced Mobile BroadBand (eMBB) application scenarios. A general framework of NOMA (including PDMA) scheme is established and the features of typical NOMA schemes are analyzed and compared in [13] .
A lot of theoretical performance analysis on NOMA have also been investigated in many literatures: the outage behavior of NOMA with randomly deployed users was investigated using bounded path loss model in [14] . Yang et al. [15] derived the outage probability (OP) expressions under two different kinds of channel state information (CSI); The NOMA OP and sum data rate (SDR) in uplink network are presented in [15] , by simulation, the authors showed that the outage performances are related to both the power backoff step and the target data rate; Uplink SDR of SCMA system is investigated by Yang et al. [16] , where the theoretical results demonstrate that SCMA can achieve higher average SDR than OMA.
In order to combat the deleterious effects of fading, improve the NOMA system reliability and extend the coverage of networks, cooperative communication technology has given rise to the extensive attention [17] . The principle of cooperative NOMA (Co-NOMA) can be considered from two types of cooperation aspects. The first one considers the cooperation among the NOMA users, where one NOMA user acts as a relay for the others. Ding et al. [17] propose a Co-NOMA transmission scheme, where those strong users decode the signals that are intended to others and serve as relays to improve the performance of weak users. In [18] , [19] , the strong user receives the signals from the BS and carries out relay transmission simultaneously by using full duplexing, which can avoid the disadvantage that a dedicated time slot for relay transmission is needed in halfduplexing relaying. The results in these literatures show that spectral efficiency of Co-NOMA can be further improved by employing full duplexing relaying.
The other type of Co-NOMA employs dedicated relays to assist the NOMA users. The fixed gain amplify-andforward (AF) relaying with NOMA over Nakagami-m fading channels is investigated in [20] , where two scenarios are considered: the BS intends to communicate with multiple users with or without AF relaying, and the analysis results show that cooperative NOMA scenario can provide better outage performance. A NOMA-based cooperative scheme was proposed in [21] , where the relay operates in halfduplex mode using decode-and-forward (DF) strategy. In the frequency-flat block-fading channels, the authors provided the analytical expressions for outage probability and ergodic sum capacity and the analysis results show that the proposed Co-NOMA achieves remarkable performance gain compared with NOMA in noncoordinated direct and relay transmission. Luo and Teh [21] proposed a adaptive transmission for cooperative system with buffer-aided relaying by assuming that the relay node possesses a buffer, which can improve the system throughput. The outage behavior of cooperative PDMA (Co-PDMA) with a dedicated relay is investigated in [22] , which manifests that Co-PDMA can further improve transmission reliability and shows the better system performance (lower outage probability and higher throughput) than conventional PDMA and cooperative orthogonal multiple access (OMA). In the case of many dedicated relays are available in NOMA system, the problem of relay selection was studied in [23] , where a two-stage relay selection strategy is proposed and the simulation results show that it achieves a significant performance gain over OMA.
A. MOTIVATION AND CONTRIBUTIONS
The aforementioned literatures have made lots of research works on NOMA with relaying technology, which laid a solid foundation for the role of NOMA and Co-NOMA in wireless fading channel. However, to the best of our knowledge, as a competitive scheme for NOMA, few contributions on performance analysis of PDMA downlink (DL) network are available yet. Motivated by this, in this letter, the performances of PDMA with DF relaying in DL network are investigated. Furthermore, the scenario that the BS intends to communicate with multiple users without relaying is also considered to make comparison. The primary contributions of this paper are summarised as follows:
1) The closed-form expressions of outage probability are derived for the DF-PDMA. It demonstrates that DF-PDMA is capable of outperforming conventional orthogonal multiple access with DF relaying (DF-OMA) in terms of outage probability over Rayleigh fading channels. The analysis results also reveal that when several users QoS are met at the same time, PDMA can offer better fairness. 2) Additionally, the delay-limited transmission SDRs for both scenarios (with and without DF relaying) are investigated. Analysis results manifest that DF-PDMA can achieve larger throughput than conventional PDMA and DF-OMA. Monte Carlo method is implemented and the simulation results validate our analysis. 3) Finally, the diversity orders the DF-PDMA achieves are analyzed under the condition that the signal noise raion (SNR) is close to the infinity. The analysis results show that DF-PDMA can get higher diversity than PDMA.
B. ORGANIZATION
The rest of this paper is organized as follows. Section II describes the system model for studying PDMA with DF relaying over Rayleigh fading channels. In Section III, the exact expressions of outage probability for the users are firstly derived in two scenarios, then the expressions of sum data rate and diversity orders of the users are analyzed subsequently. Numerical simulation results are presented in Section IV for verifying our analysis, and are followed by our conclusion in Section V. Notation: Overall this paper, the meaning of the symbols are explained as TABLE 1. 
Cooperative PDMA downlink network with DF relay.
II. SYSTEM MODEL A. SYSTEM DESCRIPTION
A downlink PDMA cellular scenario is depicted in Fig. 1 . It is assumed that the base station (BS) with one antenna broadcasts the informantion to the users with one antenna. All wireless links are assume to exhibit frequency nonselective Rayleigh block fading and additive white Gaussian noise (AWGN). The energy of the transmitted signal is normalized to one. Meanwhile, the AWGN terms of all the links have zero mean and variance N 0 .
As shown in Fig. 1 , according to the users received reference signal (signal to noise ratio (SNR) or reference signal received power (RSRP)), the coverage of the BS is divided into several spaces and there are K users in a group multiplexing on N resource elements (REs), and each user selects one PDMA pattern, K N is defined as system overload rate (SOR).
We take overload rate 150%, G [2, 3] PDMA (which means three users' data are multiplexing onto two time & frequency resource elements ) as an example, where there are 3 users in a group. In order to provide better fairness, we allocate the patterns with higher diversity to the user far from BS and allocate the patterns with lower diversity to the users near from the BS. As the example in this paper, user 1 far from the BS uses the pattern g 1 = 1 1 with diversity 2, user 2 and user 3 use the patterns with diversity 1, g 2 = 1 0 and g 3 = 0 1 , respectively. This allocation scheme makes full use of the non-equal diversity of PDMA to improve the downlink average cell throughput and edge throughput. The corresponding pattern matrix and related resource mapping are shown as Fig. 2 . The channel between the j th RE occupied by the k th user and BS is denoted by h mn jk (mn ∈ {bu, br, ru} denotes the channel from BS to users, BS to relay or relay to users, respectively). Thereinto, h mn jk molded by h mn
where ς is the path loss factor, and d mn k is the distance from m to n [24] .
For the PDMA downlink network, the total power is limited. The main task is how to select the best power allocation (PA) factors. The optimum PA is to make the weighting sum date rate maximum. The target of PDMA downlink PA is to find the optimum PA factor vector δ to satisfy
is the function of the SINR and denotes the data rate of user k when the optimum PA factor is δ;R k denotes the average data rate of user k. Since the optimal power allocating refers to optimize the variable value with multiple dimensions, which make it computationally complex, we consider a suboptimal power allocation method, i.e., fixed power allocation in this paper. The aim of power allocation for PDMA downlink network is to keep fairness among users, allocate power reasonably and decrease the interference, meanwhile, the average cell throughput and edge throughput can be improved. The key idea of PA is to allocate the higher power to the users far from the cell, the lower power to the users near from the cell.
B. SIGNAL MODEL 1) TRANSMISSION FROM BS TO USERS WITHOUT RELAYING
In this scenario, the BS transmits the superposed signals to all the users directly. Those multiple users are divided into several groups and there are K users in each group according to the quality of service (QoS) requirements. Then appropriate PDMA patterns are allocated to each group. As one of NOMA schemes, PDMA makes use of code patterns non-equal diversity to differentiate the users, which make the PDMA patterns as a schedule resource. For the downlink network, we can allocate PDMA pattern to the users according to the distance from user to BS. For the k th user in PDMA downlink network, its received signal is shown by
where y bu k is an N ×1 vector composed by received signals on
of the modulated symbols of all the users;
. . .
is the channel response from BS to user the k,thereinto h bu k,n denotes the channel from the n th RE to the user k. If all the RE channels for each user are perfectly correlated (this scenario is considered in this paper), we havẽ
T is the PDMA pattern of the k th user;
n bu k is a vector composed by interference signal and noise molded by n bu k ∼ CN (0, N 0 I N ) ;H bu denotes PDMA equivalent channel response matrix with dimension N × K . Define K N as the system overload rate, which means that N REs are occupied by K users. If G [2, 3] PDMA above is taken as an example, the receiving signal of user k(k = 1, 2, 3) is represented as
It is noted that the superposed signals in the PDMA downlink experience the same channel for user k.
2) TRANSMISSION FROM BS TO USERS WITH DF RELAYING
In this scenario, the whole communication processes are completed in two time slots. During the first time slot, the BS transmits superposed signal
Pg i x i to the relaying node and each user in the selected group. At the relaying node and users, the receiving signals are represented by
and
During the second time slot, the relaying node decodes the received signal and re-modulates the recovered data, then forwards the data to the users. The received signals from the relay node at each user are given by
III. PERFORMANCE ANALYSIS A. OUTAGE PERFORMANCE ANALYSIS
In this section, we derive the close-from expression of the OP for the users in the selected group for the two scenarios in Section II. In order to differentiate the signals and the interferences, if the users before user k have been detected and demodulated successfully with SIC algorithm, then the receiving signals' expressions at each receiving end (relay or users) can be further expressed by
where z k denotes the noise plus interference faced by the k th user, the covariance of z k can be explicitly calculated with power P i associated with the i th user
The corresponding SINR for the user is represented by [25] 
Since the SIC algorithm is used at the receiver, the data of the users in the selected group will be detected in sequence, for the k th user, the event that the BS can successfully detect the data of the k th user is under the condition that all the front k−1 users have been successfully detected and the interferences from the prior k − 1 users are ideally cancelled, so the outage probability of the k th user can be denoted as:
1) OP PERFORMANCE ANALYSIS FOR TRANSMISSION FROM BS TO USERS WITHOUT RELAYING
In this scenario, the BS broadcasts the signals to the users directly and the users in a paired group detect their own signal with a SIC model. Take the three users in this latter as an example, their OPs is given by Theorem 1. Theorem 1. The closed-form expressions for the outage probability of the users in the selected group are expressed as
where
Proof: See Appendix A. For the conventional OMA, its corresponding OP is given by
2) OP PERFORMANCE ANALYSIS FOR TRANSMISSION FROM BS TO USERS WITH DF RELAYING
In this scenario, the users combine with the observations from the BS and the relaying node by using selection combining at the last slot. Then the outage event for each user occurs when the user cannot detect its own data during the two time slots or cannot detect its own data during the first slot at user and relay. Therefore, the OP of the m th user can be expressed as 
Based on the analysis above, the OP expression for each user in the selected group is represented as Theorem 2. Theorem 2. The closed-form expressions for the outage probability of the users with DF relaying in the selected group are expressed as
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Proof: See Appendix B.
For OMA with DF relaying, we have
B. THROUGHPUT PERFORMANCE ANALYSIS
From the OP expressions derived earlier in this article, we can see that the OPs of the multiple users are directly proportional to their own targeted SINRs φ i , i = o, 1, 2, 3, respectively, and also directly proportional to the targeted data rater i because of φ i = 2r i − 1, then the achievable sum data rate for PDMA and DF-PDMA can be shown as
respectively. For the PDMA pattern matrix G [2, 3] PDMA , the data from three users are multiplied on two REs. In order to make fair comparison between OMA and PDMA transmission, the achievable sum data rate of OMA and DF-OMA on two REs are given by
respectively. wherer o is the TDR for the conventional OMA or DF-OMA. Since relay decoding and forwarding will further improved the OP performance (O r 1 , O r 2 and O r 3 , respectively) are lower than O 1 , O 2 and O 3 , R r sum will be higher than R sum . On the other hand, R r sum is also higher than R r o_sum since that DF-PDMA carries more users than DF-OMA on the same REs. 
C. DIVERSITY ANALYSIS
Based on the analysis above, the diversity order achieved by the users in PDMA system is derived in this section.
1) DIVERSITY ANALYSIS ANALYSIS FOR TRANSMISSION FROM BS TO USERS WITHOUT RELAYING
Firstly, we investigate the relationship of the quadratic equation roots and the SNR. According to the Table 1 , when the SNR is close to infinity, we can achieve the conclusion that the roots are proportional to the reciprocal of SNR:
Then, according to the expressions in Theorem 1, we can get the three users' OP approximate expressions as follows (where, the approximate expression e x x→0 ≈ 1 + x is used):
For OMA, we have
Then, substituting (26-29) to the definition of diversity order [25] ,
we have
Remark 1: In the PDMA downlink network, when the BS broadcast the signals to the users without relaying, the maximum diversity order the users achieve is one. The user in OMA have the same diversity order with the users in PDMA.
2) DIVERSITY ANALYSIS ANALYSIS FOR TRANSMISSION FROM BS TO USERS WITH DF RELAYING
For the PDMA with DF relaying, according to Theorem 2. When the SNR is close to infinit, we have
For DF-OMA, we have
Substituting (35-38) to (30), we can get the diversity order of PDMA users with DF relaying:
From (39-41), we can see that the diversity order the user 1 achieve is bigger than the other two users, since the patter 1 with higher column weight brings higher diversity.
Remarks 2: For the PDMA downlink network with DF relaying, when PDMA pattern matrix G [2, 3] PDMA is used, the maximum diversity order the user with the higher column weight achieves is 3, and both the other two users is 2. For the user in DF-OMA, the diversity order it achieves is 2. 
IV. NUMERICAL RESULTS
In this section, we investigate the numerical results of the OP and SDR analysis for PDMA and DF-PDMA in a downlink wireless cellular network. The pathloss exponent is set to be ς = 4 [25] (the urban honeycomb shadow model is used here). The other parameters is given by TABLE 2.
The OP performances for PDMA DL network without relay are firstly evaluated. The curves for the OP of PDMA and OMA are demonstrated in Fig. 3 . The exact analysis curves for the OP of the PDMA and OMA are plotted according to equation (12) (13) (14) (15) . An excellent agreement between the exact analytical results and Monte Carlo simulations is observed. The asymptotic OP curves of the users in this scenario are plotted according to (26-29). The asymptotic curves well approximate the exact performance curves in the high SNR region. It is shown that the strong users (i.e., the users near the BS) user 2 and user 3, have lower OP than the weak user (i.e., the users far from the BS), user 1 and the user in OMA, and the user in OMA has lower OP than the cell edge user in PDMA, however, PDMA offer better fairness since multiple users are served simultaneously.
The OP performances for DF-PDMA are shown in Fig. 4 . The exact OP curves of three users for DF-PDMA over Rayleigh fading channels are given by numerical simulation. The simulation results shows that the curves match with the theoretical results derived in (17) , (18) and (19) . It is also shown that the asymptotic OP curves of the users with DF relaying plotted according to (35-38) approximate the exact performance curves in the high SNR region.By comparing DF-PDMA and DF-OMA, the similar conclusions with Fig. 3 can be achieved. It should be noted that by using DF relaying, the whole system performance (whether PDMA or OMA) are significantly improved. The average OP performances of four schemes (i.e., PDMA, DF-PDMA, OMA and DF-OMA) are presented in Fig. 5 together for comparison. The simulation results show that more than 10 dB gain can be achieved by the system with relay at the same average OP (e.g., OP = 0.01). The average OPs of PDMA and DF-PDMA are slightly lower than OMA and DF-OMA, respectively. Fig. 6 compares the achievable sum data rate among aforementioned four schemes. The exact analysis curves for SDR of the four schemes are plotted according to (21) (22) (23) (24) . The exact analysis curves are also match well with the Monto Carlo simulation curves. It is clearly shown that DF-PDMA transmission outperforms PDMA since DF relay can bring the diversity gain. It is also clearly shown that DF-PDMA transmission outperforms DF-OMA since DF-PDMA serves more users than DF-OMA (two REs carry three users in this paper). When all users have the same TDR (e.g.,r 1 = r 2 =r 3 =r o = 1 bit per channel use (BPCU)), as shown in Fig. 7 , 50% SDR gain can be achieved by PDMA compared with OMA. If higher dimension or higher overload of PDMA pattern matrices (e.g., G [3, 6] PDMA or G [4, 12] PDMA ) are used, the higher SDR gains can be achieved. It should be noted that the performance improvement for DF-PDMA is at the cost of system complexity increasement (relay stations need to be set up) and spectral efficiency degradation (duplicate transmission is conducted).
V. CONCLUSION
In this paper, the performance of PDMA with DF relaying with half-duplex model over Rayleigh fading channels has been investigated. Firstly, the outage behaviors of the three paired users with PDMA pattern matrix G [2, 3] PDMA are analyzed and closed-form expressions are derived. In addition, the SDRs of the three users in the system are also analyzed. It is observed that the fairness of multiple users can be ensured by using PDMA scheme in contrast to conventional OMA. Simulation results show that DF-PDMA can achieve 11 dB gain over PDMA and achieve higher sum rate than PDMA and DF-OMA. It should be noted that the analysis method in this paper can be further extended to the scenarios with higher dimension PDMA pattern matrices (e.g., G [3, 6] PDMA with SOR 200% or G [4, 12] PDMA with SOR 300%) and higher antenna configuration, where the higher SDR gain can be achieved. It also should be noted that at the same time the DF relaying brings high performance, it also brings the system complexity and spectral efficiency degradation.
APPENDIX A PROOF OF THE THEOREM 1
Compared with user 2 and user 3, user 1 has higher power and consumes the signals from user 2 and user 3 as interference.
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Then, according to (10), we have
= Pr
For user 2, we first detect user 1 and delete the signal from the user 1, then the signal from user 3 is considered to be interference:
The probability of the event that user 1 and user 2 can successfully detect their own signals simultaneously is given by
For the user 3, we first stepwise detect user 1 and delete the signal from user 1, then detect user 2 and delete the signal from user 2. Finally, according to (9) , the SINR for user 3 is given by:
According to (11) , we can obtain the outage probabilities of the three users in the selected pair group respectively:
Substituting (A.2), (A.4) and (A.6) to (A.7), (A.8) and (A.9) respectively, we can get the expressions of Theorem 1.
The proof is completed.
APPENDIX B PROOF OF THE THEOREM 2
According to (16) , for user 1, its OP can be expressed by 
, ifa < 0
According to the analysis of this paper, Pr E c br1 and Pr E c ru1 have the similar expressions with Pr E c bu1 , only with different channel respond variance. Then we have
, ifa > 0 (B.3) and
, ifa > 0 (B. Substituting (B.10), (B.11) and (B.12) into (B.9), we can obtain the expression of (19) 
